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PART I. PREXXUTIONS IN DESIGN TO AVOID MULTIPACTOR PROBUNS 
1. Potential Problems of Space Electronic Equipment Due to Multipactor 
The following problems may be of concern to designers of 
spacecraft radio frequency equipmcnt. 
A. Voltage Breakdown Due to Gas Ionization Caused by Multipactor Outgassing 
The voltage breakdown due to multipactor is evidenced by a pale 
blue glow, which is not visible under daylight illumination. 
represents a low power dissipation on the surfaces affected, perhaps 
never greater than 20 MW/CM2, and an equivalent impedance of low 
power factor of a magnetitude which may be smaller than 1000 ohms for 
a heavy discharge across a large plate areas such as 2C square inches. 
If the discharge is “weak”,the shunt impedance will be very high, Two 
It usually 
indirect difficulties may result from the multipactor discharee 
(8) detuning and (b) evolution of gas. 
significant for high impedance circuits and negligible for low imped- 
ance circuits. 
Since there may be a gas ionization breakdown in the strong r.f. field 
which produced the original multipactor, and since gas discharges can 
absorb,substantial amaunts of power, they may lead to catastrophic 
failure and physical d k e .  
power available are dissipated in such gas ionization breakdam, ’ and 
arcs bet.veey_ lev *.~l*-s G . c .  teI”mlnal8 have also been observed. 
gas ionization breakdown.appears to be the mador source of failures, 
observed to date. 
The detuning effect will be 
The evolution of gas qybe 3 very serious problem. 
Substantial percentcqes of the ref. 
The 
1 
B. Power Loss, Heating, Gas Evaluation Without Breakdown 
Although a multipactor breakdown may exist and should be a 
matter of concern to the designer, it may not require corrective action. 
As noted in item A above, the power loss, heating, and gas evolution due 
to the multipactor glow, itself, do not ordinarily represent conditions 
of failure. In particular, if the gas evolved is vented or pumped away 
80 that the local presBure cannot rise to a level  which would support 
. ,  
breakdown, the power 3.03s and heating e f fec ts  w i l l  usual ly  L e  srmI.1. 
enough t o  be tolerated.  
p len t i fu l  source of electrons and ions which m y  cause troubles vitiil 
certain types of sc ien t i f ic  experiments. 
surface discoloration probably due t o  outgassing and redepooit of 
material on surfaces adjacent.to the discharge; such ef fec ts  might 
be damaging to  opt ical  equipment. 
sputtering may occur i n  the presence of d.c. f ie lds .  
Of Oourse, the multipactor dischcr[;c is a 
I n  addition, w e  have observed 
Some form of the mechanism of 
C. Noise and Harmonic Generation 
Measurements indicate that the multipactor discharge containe 
noise currents which are several orders of magnitude larger  than 
thermal, across the tuned c i rcu i t  i n  which they have occurred. 
high o r  medium power transmitter this  e f fec t  w i l l  usually be negligible 
except f o r  the possibi l i ty  tha t  a transmitter w i l l  be operated, 
simultaneously, a t  a frequency near the frequency of the eystem 
receiver. 
indicate approximate values measured f o r  a 12 megacycle spacing with 
a 100 megacycle discharge. 
I n  a 
Tests reported i n  the Final Report of Contract NAS 5-3916, 
Since the multipactor discharge is  produced, between 
pa ra l l e l  plates, by a f lat  sheet of electrons which osc i l l a t e  back 
and fo r th  i n  reeonance with the e l ec t r i c  f ield,  the current is 
nonlinear. and contains harmonic components. 
show content greater than 1 6  for  second and th i rd  harmonic; 
measurement accuracy was not good enough t o  yield useful r e su l t s  
f o r  higher order harmonics but these are probably also present. 
Since most transmitter power output stages are not highly l inear ,  
anyway, the-harmonic content of the multipactor discharge should not 
create problems. However, i f  the discharge occurs in  a component 
Typical measurements 
beyond the RFI harmonic filter, such as the antenna system or feed 
cables, the harmonic content would be radiated direct ly .  
I). Cross ModulBtion, Intermodulation 
A- l ike ly  place f o r  a multipactor discharge t o  occur i s  the 
Should th i s  occur antenna o r  diplexer of a transmit/receive system. 
there is high probabili ty of crom modulation of t r a n d t t e d ' a n d  recieved 
signals as well as intermodulation of' the transmitted spectrum due 
to the nonlinear character of the multipactor effect. Noiee in  the 
discharge may appear at the input of a sensitive receiver by this  
mechanism, also. 
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11. Predic t ion  of Multipactor 
A. Introduction 
P u t  I1 of t h i s  Handbook offers  curves and experimental 
d a t a  of a specific nature. Part I11 of t h i s  Handbook contains 
theoret ical  background, as does the  Final. Report i tself .  The q u a l i -  
t a t i ve  considerations are  described herewith. 
B. Geometric-Voltage Resonance Conditions - Paral le l  Plates 
Multipactor discharge occurs when the  electron t r a n s i t  
t i m e  due t o  t h e  radio frequency e l e c t r i c  f i e l d  i s  approximately 
resonant wi th  the applied frequency, or  wi th  one of i t s  harmonics. 
For parallel plates, a product f x d ( f requene  i n  megacycles X spacing 
i n  centimeters) of the order of magnitude of 100 w i l l  probably allow 
a multipactor discharge t o  ex i s t  when the applied voltage i s  greater 
than a f e w  tens of volts. A thorough theoret ical  discussion of t h i s  
relationship i s  given i n  Part 111. 
A single surface multipactor can also exis t .  This phe- 
nomenon occurs when the two plates  are used with a d.c. bias as 
well as the applied r.f. f i e l d ;  the electron paths, i n  t h i s  case, 
or iginate  and terminate on the same plate, and consequently, t h e  
secondary emission characterist ics of the p la te  which i s  not struck 
by electrons do not influence the resul t .  
C. Coaxial Multipactor 
Single and double surface multipactor discharges have 
been observed i n  coaxial cylinders. 
cylinders is small compared t o  the average r a d i u ~ ,  the behavior of 
t he  discharge follows a voltage resonance equation much l i k e  that 
of the  parallel p l a t e  cast?. 
product of diameter and frequency, these curves may be used at any 
frequency. Furthermore, multipactor 2 observed with mall inner 
cylinders; the kink i n  the  curves mey be due t o  existence modes of 
When the spacing between the 
Since the voltage is a function of the 
resonance i n  which electrons traverse a path length nearly 
along a diameter of the  outer cylinder without co l l i s ion  wi th  the  
i n n e r  cylinder. 
D. Other Modes 
As indicated i n  Par t  111, multipactor discharges may occur 
along paths influenced by magnetic fields, i n  waveguides, i n  wave- 
guide s lo t s ,  and, i n  general, almost anywhere there i s  a path along 
which electrons may be accelerated i n  a vacuum by a radio frequency 
f i e l d  , 
E. Secondary h l s s i o n  Characterisitcs 
A necessary condition f o r  sustained discharge is  that the  
net secondary emission r a t i o  f o r  the multipactor surfaces should be 
greater than 1. Since materials have wide va r i ab i l i t y  of secondary 
emission ra t io ,  the conditions which i n i t i a t e  multlpactor are sensi t ive 
t o  the nature of the surface. 
r a t i o  is a function of the a r r iva l  energy of the electron, increasing 
from a mall value at  low a r r iva l  energy and exceeding 1.0 only for  
some mininnrm value. The minimup value is a function of the  surface 
characterist ic.  For c m o n  materials, tested i n  t h i s  program, w e  
have observed t h a t  minimum a r r iva l  energies o f  15-x> electron vol t s  
are effect ive i n  producing discharge. These values are believed t o  
be lower than those assumed by other investigators, and can be used 
f o r  conservative design calculations. 
Furthermore, the secondary emission 
, 
The analysis and theory which is  propounded i n  the Final 
Report and i n  Part 111 is  based on a semi-empiricsl solution of a 
d i f f e ren t i a l  equation. 
i s  a relationship between the  a r r i v a l  energy (velocity) of an electron 
and the emission energy (velocity) of the resul tant  secondary electron, 
This is  not true, i n  fact .  
of a r r i v a l  energy and has a s t a t i s t i c a l  d i s t r ibu t ion  with a maximum 
at approximately 10 electron volts.  
In these equations, it is assumed tha t  there 
The emission energy i s  nearly independent 
-5- 
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111, Methods of Eliminating Multipactor 
A. Pressurization 
- Multipactor does no t  occur i n  systems where the length of 
the discharge path is  large compared t o  the mean free path of electrons. 
In almost any spacecraft enviromient, the mean free path is usually 
large enough; however, by maintaining the ambient pressure above 
10-3 mm) the likelihood of multipactor is reduced t o  the vanishing 
point. 
pressures, it is necessary to maintain the ambient pressure a t  
least i n  the range of one atmosphere. 
multipactor problem may be replaced by the mechfinical problem of 
Since gas ionization is, however, a poss ib i l i ty  a t  such 
By t h i s  technique, the 
sealing a unit ,  t e s t ing  i t s  leakage, and'maintaining the s e a l  over 
long period6 of time. Since the radio frequency energy must u l t i -  
mately be launched in to  space, there is an interface t o  a vacuum 
e n v i r o m n t  %n every spacecraft system; frequently, it is possible 
to eliminate multipactoS at  such an interface'more easily tha t  it 
can be done i n  the high power stages of the transmitter. 
I 
B e  USC Of F O M ~  
It has been shown that typ ica l  spacecraft foam is  capable 
of lowering the mean free path length t o  an extent that multipactor 
i s  almost always suppressed. We have found t h a t ' i t  is not easy t o -  
prevent s l i gh t  discharges o r  s l i g h t  loca l  heating inside the volume 
gas ionization breakdown may occur. The c r u c i d  problem is t o  vent or 
Pump out the internal 'gas molecules so rapidly tha t  destructive break- 
down cannot occur. Foams with conununicatlng c e l l s  are essential, and, 
i n  addition, the  or i f ices  open t o  vacuum must have adequate cros8 section 
to allow rapid diffusion of the molecules. 
~-l~~l~~~ '+.-- yJ .e--- AuCIIII. 'n"Ll1b gas ie evoivea by such heating, a destructive 
1 
C. Solid Melec t r i c  Materials 
It has been shown that surface coatings of sheet teflon, 
expoxy resin, ,and I k w  Colliing vacuum grease tend t o  raise the i n i t i a l  
voltage at which multipactor starts by a fac tor  between one and two 
times the uncoated value. However, the discharge is not absolutely 
-6- 
preventable by t h i s  technique. 
multipactor by complete f i l l i n g  of the voids with d i e l ec t r i c  
material; i n  t h i s  procedure, the same caution must be observed, 
as with foam, t o  avoid accumulation of loca l  gee pressure. 
It  may be possible t o  suppress 
D. Bias 
D.C. bias voltage applied between multipwting surface 
points is  effect ive in  eliminating the  discharge within l i m i t s  
explained in  Part  I11 of the Handbook. 
B. Control 0 . P  G2ometry 
Tae dimensions of the system can be controlled t o  avoid 
values which satisfy the resonance equation. 
th i s  may or may not be feasible, since some c i r cu i t s  must have dimen- 
sions comparable t o  a fract ion of a wavelength, it I s  noteworthy that 
spacings can sometimes be made too small t o  satisfy the breakdown 
conditions of resonance. 
A t  high radio frequencies 
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X V .  Test  Procedures for Evaluating Equipment 
A. Methods of Detecting Discharge 
1, Due to the inevitable presence of residual gas ions, the 
multipactor discharge always produces at least a faint glow. 
This is not visible in ordinary laboratory illumination but 
usually can be seen with naked eye in darkened lab, and can 
be photographed with ordinary film. 
2, Phosphorescent material, such as zinc sulfide, tends to glow 
when it is bombarded by electrons, and therefore, is useful as 
a multipactor indicator. The persistence of the phosphor glow 
and the possibility of secondary emission f3-cxn it are undesirable. 
3. Electron, Ion Collector Plates 
The most sensitive detector of multipactor which we have 
used is a collector electrode placed in the vicinity of the 
discharge. A positive or negative bias results in a d.c. 
current f l o w  to the electrode which can be measured with a 
sensitive current meter; to the best of our knowledge, a 
significant current flow has always been associated with a 
multipactor discharge. 
1. Unfortunately, most test fixtures and surfaces used for 
multipactor research will liberate gas under the bmbardment of 
electrons and the heatinp effect of the discharge, 
vacuum environments are actually contaminated by absorbed 
material on the surfaces of test fixture and by pump oil vapor 
or other material. 
maintain conlrtant conditions during a test. In addition, the 
bell jar  or vacuum chamber does not simulate perfectly the real 
space environment. 
Typical 
For these reasons, it is not easy to 
2. 
of one study is tha t  the l iberated gaseous materia?. i s  
redeposited on the surface i n  the vicini ty  of the nultipactor 
and thereby cnuses significant changc i n  the  surface propcrtlcs. 
For exuzlple, a discharge in i t ia ted  a t  a pressure of 10 
m y  simply disepwar while simultaneously the chmber pressure 
One unique problem which has been found in  the course 
-6 rm 
rises t o  m. However, we have not invcnted 8 
eliminating mul t ipc to r  et all. It hapwns that a 
of the chamber pressure t o  atmosnrhere or continued 
-- method of 
restoration 
pumpin;: t o  
very hard vacuum m y  regenerate the  surface so t ha t  it w i l l  
once w a i n  sustain a discharge vhen retested.  
The treocherous acpect of t h i s  behavior is that it m y  
be possible t o  perform a t e s t  during which the discharee will 
vanish and not be detected even though it rcry return agcin 
uncier conditions of actual use. 
T e s t  perfomed with very herd VQCUUZI, such 2s rn 
or less, tend t o  produce discharges which r r e  s'able over a 
long period of time and can be i c i t i n t ed  and extinguished with 
a good degree of consictency. 
The importance of Gccurntc t c s t  cnvirormmtcl simulation, 
including the ventine, effects 02 a l l  opcnings enCi channels which 
may be present i n  the Bpacecrnft i t s e l f ,  is evident from the 
preceding discussion of gas ionization breakdown which may be 
induced by multipactor. 
PART I1 
REFEZEVCE RATA FOR DESIGN 
MEN; FREE PATH OF ELECTRONS 
using the table below, and the relationship that 
m e a n  free path of electrons is inversely proportional to pressure, one 
can calculate whether or not conditions are suitable for multipactor, 
the mean free path is long campared to the physical dimensions of the 
affected volume, multipactor 4~ possible. 
If 
The classical  analysis  for h,  the mean f r e e  
path, 
the niimber of molecules which have not suffered coll isions a f t e r  
traveling out f rom a n  origin; the value, A ,  i s  the distance a t  which 
37 percent ( l / e )  of the molecules w i l l  have had no collisions. At a 
distance of 41, only 2 percent of the original molecules will have had 
no collisions. The mean f r ee  path of an  electron, he, i s  calculated 
to be 4 c h  when i t  i s  present  in a gas filled volume, the mean f r e e  
path of the electron being longer because of its smal le r  c r o s s  section. 
In general ,  the mean f r e e  path of molecules and electrons is inversely 
proportional to pressure.  
molecules  and electrons is given below in Table I. 
shows that there  is an exponential decrease  with distance in  
The mean f r e e  path of representat ive gas  
P r e s s u r e ,  
mmHg 
10-3 
10-3 
10-3 
10-3 
10-3 
10-3 
Gas Molecule 
Molecule Mean 
F r e e  Path 
X c m  
17 
1 2  
8 
6 .  7 
6 .  6 
0.14 
Electron Mean 
F r e e  Path 
he cm 
?& 
68 
45 
38 
37 
8 
Table I. Molecular and electron mean 
f r ee  path at 0°C. 
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BASIC EQUATION FOR PARAJ&BL PLATE MU~IPACPOR 
The equation given below permite a preliminary cslculation which 
will indicate if the dimensions, frequency, and applied voltage are 
suitable for multipactor. More camplete experimental data is given eleewhem. 
The equation for resonance is 
where  
v =  
w =  
d =  
e 
m 
K =  
- 7  
$ =  
the voltage fo r  secondary emission electron resonance, 
one half cycle mode 
angular frequency 
plate spacing 
a well known physical constant of the electron 
rat io  of electron a r r iva l  velocity to component of emission 
velocity in the direction of the electronic field 
phase angle (with respect  to R F  field) a t  which secondary 
electron is emitted 
@ is a function of both K and p, neither of which may be predicted 
theoretically. 
fitting of experimental  observations. 
and -60"<+<18". 
Limiting values of @ a r e  determined empirically by 
Typically, K is  of the o rde r  of 4, 
F o r  these limits @ var i e s  between 0.77 and 5.44. 
- 2 -  
SECONDARY EMISSION PARAME;TERS 
I I I 
I I I I 
Figure 3(a) indicates the definit ion of tenus shown i n  Table 11. 
In order t o  sustain multipactor the product of the values of 8 for all 
surfaces involved must be greater than one. Values i n  the table refer t o  
re la t ive ly  clean surfaces. 
surface cleanliness resu l t s  i n  values of W f  as law as 15-20 eV f o r  many 
materials. 
Our experimental results indicate that ordinary 
Figure 3(b) indicates the dependence of 8 on angle of incidence. 
INCIDENT ELECTRON ENERGY ANGLE Of INCIDENCE, 8 
(b) 6 vs. e (a) 6 vs. W 
Figure  3. Secondary emission pa rame te r s .  
Mater ia l  
C oppe r 
Mica 
Quartz 
NaC 1 
*l2 '3 
Fe 
600 
38 0 
400 
6 00 
350 
3 5 0  
m ax 6 
1. 3 
2; 4 
2. 1 
6. 8 
2. 5 
1. 3 
wf 
75-175 
30 
30 
15 
20 
125 
Table 11. Secondary emission rat io  a s  a function of electron energy. 
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BREAKDOWN VOLTAGE FOR COMMON MATERIALS 
PARAIJ;EL PLATES 
These curves may be used for frequencies other than those l i s t e d  for 
the experimental data, since the governing parameter i s  f x d. 
0.1 % SALT SOLUTION 
ON ALUYINUY 
U 
DOICORNING 200 FLU10 
I 1 
1 0 0  200 250 
FREOUEMCY X SPACING ( Y C  X C U )  
2oo r---l 
5 0  
a 
200 
r; 100 
Y 
- 4
5 
0 > 
so 
20 I I l l  I I 
60 1 0 0  200 250 
FRLOUENCY X SPACING (NC X CY 1 
200 
W 
8 
2 
8 
Y 
a 50 
BFWUDOWN VOLTAGE FOR COMMON MATERIALS 
PARAIlLEL PLATES 
These curves may be used for frequencies other than those listed for 
the experimental data, since the governing parameter is f x d. 
Do 200 
FREOUENCV X S W I N G  (UC X CM) 
zoo 
1 0 0  
50 
BRASS 
20 I 1 1 1  1 I 
20 
200 
I I 
FREOUENCY X SPACING (UC X cu) 6REOUENCY X SPICl l lo ( E X  CY) - 4.2 - 
BRERKDWN VOLTAGE FOR COMMON WERIALS 
PARALLEL PLATES 
These curves may be used for frequencies other than those listed 
for the experimental data, since the governing parameCer is f x d. 
" 1 
" 1 
- 4.3 - 
1000 
400 
200 
U P I 
r g loo 
3 eo 
90 
7 0  
60 
50 
40 
30 
20 
I O  
MINIMUM B m  AND ARRIVAL ENERGY FOR 
MULTIPACTOR BREADOWN OF COMMON MATERIAtS 
Each plotted point i n  the figure below represents an experimental 
measurement. It i s  important to note that many observations have 
shown arrival energy i n  the 15-30 eV range, which i s  far below the 
threshold value reported by some experimenters. 
PRODUCT FREOUENCY I SPACING f xd (MEGACYCLES x CENTIMETER) 
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BREAKDOWN VOLTAGE FOR 50 OHM COAXIAL CYLINDERS 
The coordinate points represent experimentd data taken at 430 mc, while 
the other curve is based on both an extrapolation of data fran parallel p l a t e  
measurements and on isolated points  measured a t  100 mc, and should give a 
conservative estimate of l imiting voltages. 
frequency, since the product of frequency and spacing i s  the ContrOlling 
This curve may be used a t  any 
I parameter. 
The data applies t o  any connectors, transmission l ines ,  or coaxial 
resonators which have no d ie lec t r ic  between the conductors. 
4 - . .  
0 ZOO 400 600 800 lo00 1200 
i , D i a m e t e r  of Outer Cylinder x Frequency 
i I , ( ~ e n t i m e q r s  x megacyqles) 
I 
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BFEMDWN VOLTAGE versus SPACING 
COAXIAL CYLINDERS 100 MC 
Multipactor breakdown m a y  exist inside the envelope of each curve, 
0 
w r 
I !  
I 
I 
Multipactor Breakdown - 
100 Mc I 
/ 
. _ _ . _  
i 
f 
I 
L 
-. .... 
I 
. .  
f 
1 
50 160 150 200 
: Spacing Between Wlinders X Fr quency 
I (Cen:imeters x Magacyc~es’ 
250 
- 7  - 
VoYrAcE versus SPACING COAXIAL CYLmlIERS 
430 megacycles 
Breakdown exlets  Inside the envelope of each cum. 
/ 
Coaxial Wllnder 
Multlpactor Breakdown 
- -  
430 Me 
- - t  - 
I 
50 100 150 230 250 
Spacing Between Cylinders X Frequency I 
(Centimeters X Megacycles) 
1 
TYPICAL MUIX?IPACIYR C"EW WAVEFORM 
The waveform shown below was measured by means of a biased collector 
plate i n  the vacuum chamber. 
and harmonics are given in the equation printed on the chart.  
was performed at a frequency of 100 MHz between parallel plate electrodes. 
The relative amplitudes of the f'undamentsl 
The t e s t  
I 
t 
0 / 
RF FIELD WAVEfORM 
SIN (WT - 100') 
A I I I I 
0 
6 
4 
2 
YI 
i o  
3 
w 
3 
-I 
0. 
< 
n 
c 
I -2 
-4 
-6 
-a 
- 10 
~ -I -r ~ 1 y = 6.74 {IN (WT - 12' )  t 2.44 SIN (2WT t x  I 
- 40 40 120 200 360 4 40 
DEGREES 
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POWW LOSS IN MULTIPACI'OR MSCHARGE 
AS A FunCCION OF PFtOIUCT f x d 
This chart indicates the typical power density in  milliwatts per 
sq. cm. for parallel plate multipactor a t  100 MHz. !Phe range of' f x d 
which contains data is  limited because of the voltage resonance 
condition necessary for a discharge; in  brief, the power loss I s  
nearly independent of f x d, when a discharge is poesible. 
m 
E < 
E' 
a 
I 
a a 
c- 
X 
2 
3 
0 
c 
0 
W 
-I 
W 
W 
a 
a 
a 
a 
5 
e 
Y 
s 
a 
P c 
0 
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POWER LOSS IN MUWIPACIYIR DISCHARGE 
AS FuNcTI(M OF APPLIED VOLTAGE 
The chart below sumarizes measurements of power loss per unit 
area for coIlppon materials tested a t  frequencies of 100 MHZ and 
430 MHZ, and may be used BB an indication of the local heating 
effects. 
PEAK RADIO FREOUENCY VOLTS 
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SINGIZ SURFACE MULTIPACZIOR 
The single surface multipactor experiment was performed at 100 MHz 
with two values of spacing. The screen was treated carefully so as to 
eliminate the possibility of multipactor electron emission from it. 
Mscharges were observed at RF voltage and d.c,  bias values inside the 
envelope of the curveB. 
Single surface 
multipacto r 
experiment 
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NOISE POWER IN MULTIPACTOR DISCHARGE 
An experiment was performedto determine the noise power level 
produced 12 megacycles away f rom the frequency of the multipactor discharge. 
This spectrum separation corresponds t o  the NASA telemetry bands 136 MHz, 
148 MHz, and the data is  believed to be representative of the noise that 
would be generated by multipactor in such transmitters. 
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NOISE POWER SF%CPRlM FROM MULTIPACTOR 
An experiment was performed to determine the level of noise power 
produced by a multipactor discharge at a frequency of 100 MHz. ThC noiee 
wa8 measured at several frequencies above and below the driving frequency. 
It seems clear that the noise power fal ls  off with frequency separation 
as indicated by the l ines  for 118 MHz and 56.6 MHz. 
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PRESSUEIE LEAKAGE versus TIME 
For Crusted and Sanded Eccofoam 
As noted i n  t h i s  handbook, the rate of leakage of outgassing products 
liberated by heating due t o  at ipac tor  or  other e f f ec t s  is a c r i t i c a l  
factor  i n  determining the possibi l i ty  of induced gas ionization break- 
down. 
foam samples 3/16" thick With surface crust  in place o r  removed. 
obviously helpt'x1 t o  remv:: the crilst, although it mey not be suff ic ient  
t o  prevent a brcakciown. 
Thia curve indicates the re la t ive  leakage rates of ident ica l  
It i s  
10 
10' 
10 
1 
10" 
10-2 
10-3 
0 10 20 30 40 50 60 
TIME, MINUTES 
- 15 - 
APPENDIX PART I11 
MULTIPACTOR THEORY 
TABLE OF CONTENTS 
Introduction 
Two Surface Multipacting: 
Between Parallel Plates 
Between Parallel mates with a D-C Bias 
Between Coaxial Cyclinders - No D-C Bias 
Between Coaxial Cycllnaers With a D-C Bias 
Single Surface Multipacting: 
Parallel Electric Fields 
Perpendicular Electric Fields 
Magnetic Field 
Loading Due to Multipacting 
S,econdary Emission 
Effects of Gas Atoms on the Multipacting Discharge 
Page Number 
I 
1 
2 -7 
8 - 10 
11 
11 - 14 
16 - a 
22 - 25 
26 - 30 
53. - 32 
33 - 38 
INTROWCTION 
Secondary electron resonance breakdown or multipacting has been 
.known end studied since 192413 and 
designers of high frequency vacuum 
has been a matter of great concern to 
tubes, including triodes, magnetrons, 
klystrons, and traveling wave tubes,as w e l l  as linear accelerators. 
has been employed to practical advantage in the design of ultra-high 
It 
speed microwave duplexers, switches 14 , and cold cathode amplifiers 19 . 
Recently 
advent of high power transmitters 
it has become a design problem in space electronics with the 
that have component dimensions and 
frequencies that may be 
Aircraft have recently 
filters in transmitters 
. 4  
troubled 
reported 
designed 
by the effect. 
trouble with coaxial connectors an& 
Both JnP and Hughes 
for space 
that the sporehic transmission 
have been due to multipacting breakdown in 
applications. It has been 
from the early Sputniks may 
antennas and/or connectors. 
This Appendix analyzes the resonance mechanism in plane and 
coaxial geametry with electric and/or magnetic fields for use in pre- 
dicting the possibility of breakduwn. Reference numbers refer to the 
Bibliography, Appendix Part IV. 
I. 
TWO SURFACE -TIPACTING 
Multipacting between two surfaces is hypothesized to arise from 
a secondary electron resonance mechanism. According to this theory, a 
few electrons initially present arc accelerated to an electrode where 
they produce secondary electrons. 
emitted in a reversed electric field which carries them to mother elect- 
rode surface in approximately one half cycle, producing another crop of 
secondaries which are  in turn accelerated to the first surface, and so 
on. If the secondary emission yield is sufficiently greater than one, 
the number of oscillating electrons can be increased to a very large 
number In a short time. 
sufficient ionization of the residual gas to result in breakdown of the 
gas 
These secondary electrons are then 
This large cloud of oscillating electrons causes 
Under optimum conditions, the electron is in phase with the field. 
Thus, an electron starting across the gap will collide with the walls and 
release secondary electrons just as the electric field passes through 
zero. 
secondary electrons are  accelerated back across the gap with a transit 
time that is equal to one half cycle. 
The magnitude of the reversed electric field is such that the 
It is obvious that a breakdown does not require the optimum condi- 
tions to occur, and there is 8.fairlybroad region of fields and frequencies 
over which a phenomena may be observed. Breakdown is possible in a bounded 
region between two field values corresponding to too little or too much 
acceleration of the electrons to maintain the proper phase relations. 
long as the electron mean free path and ther-fwavelength are both large 
compared to the electrode separation, the breakdown is independent of the 
As 
2, 
gas; although it is very dependent upon the electrode materials and surface 
conditions. 
Parallel Plate Case: 
Consider a chamber containing two parallel electrodes of separation 
d across which a voltage V sin w t  is applied. 
with phase 6 with respect to the field is acted on by the force 
"hen an electron emitted 
where the force F is directed along the z axis perpendicular to the 
electrodes. 
Integrating, we get 
where z (0) = 0 and Uo is the initial velocity of the electron along the 
z axis. Imposing the boundary condition that the transit time is an odd 
miitt.jp1e CQ 9 ha_l f~  y l c ,  2 !+ = n ~ , / w j  = A ,  vhtre = 1, 2, 5 ,  - - , 
equations (1.2) and (1.3) yield: 
Solving for the voltage, in 
(1.6) v =  l -  
3. 
By introducing Gill and von Engel's assumption that k = u/Uo is the constant 
ratio of arrival velocity to emission velocity16, equations (1.4) and' (1.6) 
become: 
and 
where 
Frcw equation (1.8), the breakdown strength can be minimized for 
fixed values of d and w by maximizing the value of L. Maximizing 
with respect to 6 gives 
If the value of k were known from fundamental considerations, then 
no further information would be needed to define most of the breakdown 
region. 
by semiempirical methods. 
That is not the case however*, and the value of k has been foqd 
iiatcn and Williams made extensive measurements of the breakdown 
potentials in such a way as to obtain both the maximum and minimum break- 
down field strengths at various excitation frequencies. 28 Their data for 
the lowest order mode is shown in Figure 1. Data on the lower branch was 
taken by increasing the electric field strength until breakdown occurred. 
By suddenly applying a high field and then lowering it slowly,' the upper 
breakdown curve was observed. It was found that a choice of &= 6.6 
provided a good fit to most of the  data when using equation (1.8) with n = 1. 
* Note the section on "Effects of Variations in Electron Ehergies" 
4. 
. 
Equations (1.8) and (1.9) then led to the empirically determined values 
k = 3 and @ = 18'. By assuming that k remained constant throughout the 
breakdown region, the upper breakdown curve was found to correspond to a 
value of # = -56'. The results of this curve fitting are presented in 
Figure 2, and compared with the experimental curve in Figure 3. 
Hatch extended the curve fitting to include the higher order modes, 
and his results a r e  shown in Figure 4. 
multipacting region arise from the condition that the electron arrival 
energy be such as to yield a secondary emission ratio greater than one. 
When this limitation is taken i n t o  account for the minimum arrival energy, 
it is found that,at a given spacing d, there is a minimum frequency f 
below which multipacting cannot occur. 
The upper and lower bounds on the 
co 
By combining equations (1.7) and 
where v\l, = minimum incident electron energy to yield a sec- 
ondary electron emission ratio greater than one. 
= value of 5 on the upper portion of the breakdown 
= value of $ on the upper portion of the breakdown 
L region curve. 
fi 'curve. 
which reduces to: 
(1.12) 
Figure 5 
to a calculated 
equation (1.12) 
(1.13) 
where fco is in 
shown various measurements of cutoff frequency, compared 
curve for W = 40 electron volts. Under these conditions, 
reduces to: 
f 
megacycles d in centimeters.7 
5 .  
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Figure 1. This graph shows the break- 
down region (cross-hatched) i n  
re la t ion  to the  e l ec t r i c  f i e l d  
strength and frequency observed 
with a gap spacing of 3 cm. i n  
hydrogen at a pressure or less 
than 0.1 UHg. (From Hatch and 
W i l l i a m s  ) 
2ot I 
IO 20 25 30 40 50 60 TO 80 90100 
FREQUENCY (MEGACYCLES) 
Figure 2. Theorettcal calculation of 
breakdown region f o r  3 cm. separation, 
minimum electron a r r i v a l  energy of 
60 ev. and k = 3. Various l i nes  
represent condition fo r  half cycle 
angles. (From Hatch and W i l l i a m s )  
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Area enclosed by solid l i n e  
represents experimental region. 
Area enclosed by dotted l i n e  
represents theoret ical  region. 
Figure 3. Comparison of experimental breakdown 
region of Figure 1 and theoretical  
breakdown region of Figure 2. 
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Pig. 5. Summary of cutoff frequencier vermur rod- 
procal e1ectrodc~eparatioa from data of 
mevcrd oboenerm. 
A uurron narcn waa w u r r u n o  
I Gill and von Engel Solid line, .cutoff law, 
fco= 79/L 
a. 
Parallel mates with a D-C Bias 
The effect of a bias voltage applied across a gap is to cause a 
difference in the transit times for incident and emitted electrons. By 
raising the bias enough to cause a significant difference in transit times, 
it is possible to prevent a stable multipacting discharge altogether. The 
analysis for this case has been worked out by the Sperry Gyroscope Company 
and C. Milazzo. 
By assuming that. the initial emission was zero, was able 
to determine a definite cutoff bias for the various modes by considering 
the phase stability of the discharge. The conclusion reached as to the 
emount of bias needed to eliminate multipacting was as follows: 
3/2 cycle transit time 
5/2 cycle transit time 
VdC = 0.12 v1 
VdC = 0.07 v1 
Other experimenters found multipacting phenomena for d-c. biases 
w e l l  in excess of those given by Sperry, and a more detailed treatment was 
made by Milazzolro in which the effects of finite emission velocities were 
taken into account. 
However, experiments by Nance and Nanevicd2 found-breakdown occuring out- 
The results of his calculations are shown in Figure 6 .  
side the region predicted by Milazzo as shown in Figure 7. 
that this lastphenomenonwas due to a single surface multipacting mechanism 
(as described in the section on "Single Surface Multipacting: 
It appears 
Parallel 
Electric Fie1ds")that becomes possible when two surface multipacting can 
no longer OCCUT. 
l -  
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11. 
Coaxial Cyclinders - No D-C Bias 
The equation of motion for an electron moving between two coaxial 
cyclinders Of radii a and b ( a < b )  with an r-f field V sin w t  across the 
Thus far, the nonlinear nature of this equation has prevented any closed 
form solution. Bo1 attempted an approximate solution by studying a 
large number of trajectories with an analog computer. 
order mode was examined. 
5 
Only the lowest 
The results are presented in Figure 8. 
Unfortunately, Bo1 only considered the cases where the initial 
velocity was zero or one thousandth of the incident velocity,whereas it 
n0.s Deen snown by several authors that setting the ratio of incident 
velocity to emission velocity at three gives much better agreement with 
experimental data. 
over a larger region, Bolls results are useful. only for very rough qualita- 
tive prediction; 
results of Nanevicz 
in Figure 9. 
dicate that a more involved treatment of this configuration is needed. 
Since a lower value for this ratio allows multipacting 
this conclusion is sugorted by the rerent. e~per4mnntpl 
44 that have been plotted together with Bol's results 
The large deviations from the'theoretical predictions in- 
CQaxial Cyclinders Kith a D-C Bias 
As in  the case of parallel plates with a d-c bias, a d-c bias 
between coaxial cycllnders reduces the possible regions of two surface 
multipacting by changing the transit time of the incident a d  emitted 
I -  I I I I I I 1 I I I I 
12. 
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14. 
I -  
electrons. 
no closed form or approximate solutions for this caec have been made. 
However, due to the nonlinear nature of the equations involved, 
A further complicating factor is that a single surface multipacting 
mechanism can exist in the presence of a I>-C. bias over a larger range of 
peak KF voltages than in the parallel plate cast* (as is indicated by 
Nanevicz's results on the region of multipacting breakdown shown in 
Figure LO). 
* E. Vance - personal communication. 
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Frequency- 38 mc. 
Fig. 10 hgiDns  of Multipacting Discnarges'in a Coaxial Geometry 
With DOC. Bias, after Nanevicz 
16. 
SINGLE SUHFACE MILTIPACTING - PARALLEL ELECTRIC FIELDS 
The analysis of single surface multipacting i n  the presence of a 
d-c bias was first made by Vance and N e n e v i c ~ ~ ~  when they obtained m u l t i -  
pacting over a much wider range of voltages than Predicted by the  theory of 
e i the r  Bo15 or  Milazzo A typical example of t h i s  was shown i n  Figure 9. 40 . 
In  the analysis of single syrface multipacting, the usual assumptions 
of negligible space charge and mean f ree  path much greater than gap spacing 
are made so tha t  the instantaneoue e l ec t r i c  f i e l d  in  the gap d between 
parallel plates  is 
The acceleration of an electron wil l  be of the form 
where A= Vrf/Vdc i s  the  r a t i o  of peak FU? voltage t o  the dc voltage. 
Integrating, we obtain 
and 
where it has been assumed that the electron is emitted at w t  = Ido with an 
initial velocity u and zero initial displacement. 
0 
The boundary conditions that determine the region over which 
multipacting is possible are: 
1. The electron emitted at w t  = $do must return to the eleetrode 
at the end of the-r-f cycle with'sufficient energy to yield 
a secondary emission ratio greater than one. 
2. The maximum displacement cannot exceed tha gap spacing d unless 
the electron be lost to the opposite electrode, and the minimum 
displacement for fi0 I w t  f do + 2 r  must be greater than zero 
after emission if the electron is to remain free of the electrode. 
If ul is the magnitude of the velocity when the electron has the 
required impact energy, we obtain from.Eg. (5.3) evaluated at w t  - 8, = 2 r  
the condition 
where 8 = - wd and, following Gill and von Engel, k = -. ul Applying the 
uO uO 
condition that the electron returns to the emitting electrode at the end 
of one r-f cycle to equation (5.4) gives 
Thus, for a given frequency, gap width and r-f voltage, single surface 
multipacting cannot occur unless the dc bias voltage defined by Eq. (5.7) 
exceeds the minimum value defined by equation (5.6).  
. 
18. 
Applying the second boundary condition to equations (5.3) and (5.4) gives 
the requirements: 
and 
where w t  = 8, = phase at which x is minimum 
w t  = fl2 = phase at which x is maximum 
Using a graphical technique, Vance was able to eliminate 9Vd between 
Eqs. (5.6) and (5.8) to obtain d as a function of ld0 for the minimum 
displacement. When phase stability is a lso  taken into account, the lower 
threshold of RF voltages is given by: 
Figure 11 shows how these various requirements yield a region for which 
stable multipacting is possible. 
When we also take into account higher order modes and the region 
1. - 
i~ vk i& 
obhin Figure 12 from which it is possible to predict whether a given gap 
zzr fzce  iiii;;tiyaciur is possible as given by Milazzo'+", we 
spacing, bias,r-f voltage and frequency will yield multipacting in the 
parallel plate geometry. 
For comparison, the regions of experimentally observed multipactor 
Figure 13. discharge are plotted together with the theoretical region in 
V a n ~ e ~ ~  attributes the differences to be due mainly to the idealizations 
of the theory in which the finite thickness of the electron cloud, the 
effect of oxide films and other contaminants end the distribution of emission 
energies we not taken into account. 
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Figure 11. This figure illustrates how the upper 
and lower RF thresholds and mlnhum L o ,  biaa: 
oombine t o  yield the crosshatched region where 
one eided multipacting discharge is poesible, - 
(after Vance and Nanevicra) 
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Figure 12. Biased Multipactor Discharge 
Region Including One-sided 
and Wo-Sided Modes 
This figure illustrates how a multipacting discharge may be 
possible over a considerable range of RF voltages and d.c. 
biases due to the various modes of discharge that can exist. 
The numbers at the lower bound of the region of "one-sided 
multipacting, higher modes" represent the number of RF cycles 
involved in one electron cycle for the various modes. 
after Vance and Nanevicz. 
a. 
07 I I I I 
.. 'dc w t $  '7 
0.2 
001 
e ' . * . .  
c J 
Area 1 1 s  region of biased 
Area 1 a& area-2 &e region 
m - r w 3 -  
Milazzo . 
of biased mltipacting prs- 
dicted by Vance and Nanevic 
Area enclosed by points is 
ion of multipacting by 
Vance and Nanevicz. 
* multipacting predicted by i 
Figure 13. Theoretical and Experimental Regions of Biased Multipnctor 
Discharge, after Vance and IVsneVicz 
Single-Surface Multipacting with Mutally Perpendicular Electric Fields: 
Multipacting on a single surface in the presence of a mainly tangen- 
tial r-f field and a small bombarding stream of electrons having velocities 
in the range,that lead to a secondary emission ratio greater than one was 
first observed by Preist 45 as it caused the heating of output windows in 
klystrons. The discussion and analysis presented here are his. 
When an initial stream of electrons is incident on a surface with 
enough energy to release secondary electrons, the electrons will, in the 
absence of any other force upon th-travel away fram the surface as shown 
by path 1 in Figure 14. 
the electrops to the surface, their trajectories will be as shown by dotted 
If there is a constant force tending to return 
paths 2 and 3, the distance traveled before return depending on the rela- 
tive values of F, Uo and Ep. 
in Figure 14. 
F and Ep are electric field strengths defined 
If the arrival velocity of the secondaries is high enough to liberate 
more than one secondary, there can be a rapid multiplication of the second- 
aries present with a consequent build-up of dissipation. Since the velocity 
of the secondary is a periodic function of time due to the acceleration of 
the periodic field, the kinetic energy is also a periodic function of time. 
There are, therefore, many possible arrival times one r-f period apart 
which will allow the maximum kinetic energy to be given to the electron. 
It can be inferred that there is a wide range of values of Ep, Uo and F 
which will permit multiplication to occur. 
The equations of motion for an electron above the surface shown in 
Figure 1k are: 
23 
' -  
where Em is the al ternat ing e l ec t r i c  f ie ld  pa ra l l e l  t o  the surface and 
i s  a s t a t i c  e l e c t r i c  f ield normal t o  the surface. 
Integrating, .we obtain 
and 
(6.6)yCQ- - a m  cat,). +*3(t-ko) 
where the electrons leave the point x = y = 0 a t  t = to with i n i t i a l  velocity 
%=%xz+2.qq+ ao* . The maximum velocity i n  the x 
direct ion occurs whven w t  = (2n + l)r, and w t o  = 2nTwhere n i s  an integer. 
The average impact k ine t ic  energy of these secondary electrons s t r ik ing  
at w t  = r r i~  n t i; is 
where the average is  over the  s t a t i s t i c a l  d i s t r ibu t ion  of the electrons 
i n  various direction with various veloci t ies .  Since: - 
24. 
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25. 
and the initial electron energy is: 
we get: 
The criterion for multipacting then becomes: 
where Vm is the minimum potential necessary to produce a 
secondary electron emission ratio greater than one. 
The incident electrons from the bombarding stream must have a 2. 
high enough incident energy to yield a secondary emission ratio 
of one. 
The constant electric force may be maintained by space-charge potential 
gradients, e ~ p c ; a ~ -  iii t k  Z G . C ~  cf SZT?PI elect-rn~z hems, BO that an 
external bias might not be necessary to yield breakdown. 
26. 
Single Surface Multipacting in a Maqn etic Field 
In a magnetic field strong enough to bend the path of the electron 
and to return it to its surface of origin, it is possible to have a secondary 
electron resonance. 
There are two special cases of interest, one in which the electric 
and magnetic fields are mutually perpendicular, the other when they are 
parallel. The first case has been 
analyzed by Brown . The analysis 
treatment. 
17 
studied by several authors and thoroughly 
presented here w i l l  follow Brown's 
The equation of motion for an electron in an electric field 
3 = .E, co, &+(I) directed normal to the w a l l  located at x = 0 and a 
static magnetic field 5 = GZ Bo directed parallel to the wall is 
Frau Equstion7.lthe kinetic energy of the electron can be obtained a8 
where% = eB i s  the cyclotron frequency. 
resonance e f fec t  at U) = Ub where the electron continuously gains energy 
frm the e l ec t r i c  field. 
Equation 7.2 exhibits a m 
A goo$ approximation i s  given by the equations: 
We can determine those times t , f o r  which x = 0 andWZO.!.., where 
% i s  the energy f o r  which the secondary emission r a t i o  i s  unity, by 
inspection. 
equation 7.2 be unity, so as t o  maximize u, we obtain 6 = -T/2,&4,t = 
and hl = 2nV where n = 1/2 o r  an integer. 
t o  cyclotron resonance, we have 
By requiring t h a t  all three numerators on the r igh t  side of 
For n = 1/2,which corresponds 
For n = 1 which corresponds t o  the experimentally observed glow at crl= 3, 
we have 
The energy given by equation (7.7) is  approximately twice t ha t  given 
by equation 7.6. Physically, t h i s  arises because the electron has been 
accelerated twice as long as it was under conditions of equation 7.6. For 
n = 2, which corresponds t o  a possible resonance at  uJ = bulb, we have 
cz € e 2  -(7.8) = 0482 1 w=uu31, 
which is  somewhat lower than the energy a t  cyclotron resonance. For n = 3 
o r  more, the energies are smaller still .  
20. 
For purposes of prediction, we can summarize the results for this 
case as follows: 
1. The excitation frequency must be equal to ad,, where n = 1/2 or 
an integer and\% = e. 
The energy as given by equation 7.4 for the acceleration t h e  
determined by equation 7.3 must be high enough to yield a 
secondary electron emission ratio greater than one. 
m 
2. 
The initial velocity of the emitted electrons was set at zero in 
the preceding analysis to simplify the mathematics. The effect of includ- 
ing initial velocity is to raise the energy given by equation 7.4 by 
k2 
k2 - 1. 
fields was first observed by Priest and T a l ~ o t t ~ ~  in the heating of output 
(which = 1.125 for k = 3). 
Single surface multipacting with parallel electric and magnetic 
windows in klystrons, and the analysis presented here le due to them. 
Figure 15 shows the typical electron motions that arise in this case. For 
an electron emitted from the surface shown in Figure 16,where 
yo is the initial velocity of the electron 
Em is an alternating electric field parallel to the surface 
H is a static magnetic field par4lelto the surface, 
the equations of motion are 
Solving, subject to the boundary conditions - 
Priest found that multipacting was possible when: 
(1) The excitation frequency w = eH = cyclotron frequency 
(2)  he arrival energy w = 2 (7) e m % 2  (7) + Wo (where Vlg is the 
initial energy) is high enowh to yieldx a secondary ekssion 
ratio greater than one, i . e . ,  W 2Wmin. 
For prediction purposes, the-second of these conditions can be 
where k = ub: 2 3  (Gill and von Engel’s assumption). ta - 
d 
FiQ;ure 15. Typical Electron Motions With Axial Magnetic Field 
Having the Cyclotron Resonance Value, after Prieet 
H€Ve 16. Field and Velocity Relationships in  S i m l e  Surface 
Multipacting with Parallel Electric and Magnetic 
Fields.  after h i e s t .  
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LOADING WE To MULTIPACTING 
The energy electrons lose i n  s t r iking the surfaces must be known 
i n  order t o  calculate how much energy the f i e l d  must supply and the 
loading introducedbythe multipacting, 
geometry with k = a. = constant, we have f o r  the  energy l o s t  per t r a n s i t  
by one electron: 
For the  plane parallel pla te  
I \ -  
(8.1) W = 5 r M U L -  + . M . \ ~ O ~  : $,,uz [ \ -  7 1 
Assuming t h a t  there are N electrons i n  each bunch and t h a t  a bunch starts 
frm one surface o r  the other during half each cycle (even i n  the higher modes, 
where t h i s  would mean that several bunches were i n  existence at  the 6ame 
time), the power absorbed per second is o , A \ 
This corresponds t o  an equivalent peak in-phase component of current 
flowing through a resistance 
(8.6) a;: 
This resistance is a convenient way t o  express t h e  loading ef fec t  of 
multipacting,since it can be ccnnpared d i r ec t ly  t o  the shunt resistance of 
the gap. There is also an equivalent reactance due t o  the phase of the  
osc i l l a t ing  electron bunches, but t h i n  has been neglected i n  t h i s  report. 
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To get an idea of the order of magnitude of the loading, consider the case: 
6 6 = 18' 
k = 3  d = 0.5 cm. 
N = 10 
8 f = 4 x 10 cps. 
These are typical values of a situation in which multipecting has 
been observed, the value for N being the order of magnitude of gain given 
by Farnsworth. 
of 100 ohms absorbing a power of Yj watts. In the particular experimental 
case, using these dimensions, the power'loss was less than that predicted. 
Putting these values into equation (8.6) gives a resistance 
This is not unexpected; when an actual system is loaded by the multipacting 
discharge, the voltage tends to drop until the conditions for multipacting 
are just met. In this marginal condition, N is reduced uptil the load on 
the voltage source is small enough to permit stable operation. 
Althcugh this analysis has been specifically for the parallel plate 
geometry, the energy supplied by the r-f field to a multipacting electron 
in the geometries and electrical conditions discussed thus far  is given 
approximately by 
where Eo, the average emission energy, and E impact' the hpect energy, are 
fbctions of the Nticular multipacting conditions. The power absorbed 
per second is then 
flaring through 
(8.9) 
a resistance 
33 .' 
SECONDARY EMISSION 
Multipacting discharge depends critically on the nature of the 
surface involved because of the requirement that the secondary emission 
ratio, 
sufficient for our purposes, but more detailed treatments Bsc available. 
c , be greater than one. A simple phenomenological approach is 
The main feature of interest is the relationship between the secondary 
emission ratio and the incident electron energy as shown in Figure 17 
for a typical material. 
The shape of this curve is much the same for all materials with 
the main differences being in the values of Wf, max and W . Data has max 
been compiled for many common materials and is presented in Table 1. 
ever,, for purposes of calculating 
How- 
for use in prediction of multipacting, 
several other factors must be taken into account as follows: 
1. The secondary emission ratio is higher for glancing incidence 
as shqwn in Figure 18. 
of electrons is glancing the surface (as in nsingle-~urfa~e 
= * - - - * - -  - - - - & - a -  e4- iae \  . , - t i l  .rqaia e muizipacting w i i i i  ycr-yciius\;ucu =.J-GLuA rArsuv, "-- , ---- 
highers than given in the table and that a change in geometry 
This means that cases where a stream 
to avoid normal incidence will not necessarily eliminate multipacting. 
The secondary electrons have an energy distribution of the form 2. 
1 
sh- in Figure 19. The effect this has on predictions of 
multipacting and the final composition of the discharge is 
discussed at length in' the section entitled "Effects of Varia- 
tions in Electron Velocities. I' 
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3. Metallic oxides tend to have a higherg- and lower Wf than 
the pure metal, e,&, note comparative values of alumhum 
oxide vs. aluminum in the table on Page 35. This means that 
any oxidation of a surface will tend to make multipacting more 
likely an import'ant consideration in practical devices that 
may be exposed to oxygen before use in a vacuum. 
oxides may act as rectifiers (e.g., copper-cuprous oxide) so 
Also, metallic 
that a surface charge may form on the oxide surface during 
multipacting and produce effects much like that of a d-c bias. 
Organic deposits such as oil on a surface tend to reduce the 4. 
minimum threshold sharply. For instance, recent data indicates 
that the Wf for a gold surface may be reduced from 180 volts 
to approximately 23 volts when 89 oil film is on the surface. 
L%is lowering of W by.contemination is an important factor in 
fabrication of r-f components and in vacuwn test set-ups (where 
f '  
it is difficult to keep vacuum pump oil f r m  being deposited on 
the tested equipnent). 
5. Rough, irregular s&aces ten6 to reiiuua tlic ai4fsc.ti;-~ 3;. 
making it more difficult for an electron to escape as shown in 
Figure 20. 
as soot or black nickel tend to have a lower 6- than the same 
element in a smooth form as shown in Figure 21, 
For this reason, layers of black substances such 
Also, a rough 
surface has a secondary yield that is nearly independant of the 
angle of incidence. Unfortunately, these rough surfaces may 
have undesirable electric characteristics such as a high surface 
resistance, that would preclude their use. 
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Table 1 
_1_- 
Secondary Emission Characteristics of Common Materials i 
1 -  
. 
Material 
--..--- 
As 
A 1  
Au 
C 
cu 
Fe 
Ni 
CO 
Pb 
Rb 
Sn 
k 2 O  
A I  0 
2 3  
mz 
SnO 
Rb02 
NaCl 
SbCG 3 
Quartz  
Soda Glass 
Mica 
d -* 
1.5 
1.0 
1.0 
1.0 
1.3 
1.3 
1.3 
1.1 
1.1 
0.8 
1- 3 
1.1 
2.5 
1.2 
2.4 
1.1 
5.8 
6.8 
5-8.3 
2.1 
2.1 
2.4 
I -  
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, -  
V = Incident Electron Energy 
P 
Figure 17. Secondary Electron Ehission Yi- Id A 
A Function of Incident Electron Energy 
I 
Angle of Incidence 0- 
Figure 18. Secondary Rnission Yield Versus Angle 
of Incidence of Primary Electrons 
37. 
Relative No. 
of Electrons 
r Reflected 
Electrons 
! 
I 
c 
I > 
0 Io0 
Eduecu (4 
I 
--- 
0 
w  
Figure 19. Energy Distribution of Secondary Electrons 
f 
Figure X). &planation of the low yield of a "rough" 
surface; the  electron can leave a smooth 
surface unhindered but with a rough surface 
it may be intercepted by surrounding walls. 
Figure 21, Secondary electron emission yield of soot 
(I) and of a smooth carbon surface (11); 
according t o  Bruining. 
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EFFECTS CAUSED BY TKE VARIATIONS IN INITIAL ENERGIES OF SECONDARY ELECTRONS 
Since secondary electrons are  emitted w i t h  energies that vary con- 
siderably (see Figure 19),a variation of t r a n s i t  t i m e  w i l l  occur. 
t r a n s i t  time variations resultin a dist r ibut ion of the secondary electrons 
over a range of phase angles at the end of a single half period. 
These 
In  the  analysis thus far, it has been assumed that the i n i t i a l  speed 
&of the secondary electrons was different  from zero and t ha t  the ra t io ,  
U&, = k,was a constant fo r  all the electrons that played a significant 
ro le  i n  the discharge. 
secondary electrons is indeed described by a single value of k; the analysis 
assigns a single emission phase angle ( the optimum one) t o  the majority of 
electrons, and since the secondary-electron emission fran the electrodes 
occurs almost instantaneously, it is  custamery t o  think of the electrons 
as crossing the gap i n  a very th in  sheet 
With t h i s  assumption, the optimum phase angle f o r  
without phase spreading. 
Although the theoretical  results obtained using t h i s  assumption of 
constant k have been shown t o  be i n  agreement with experiments, it has been 
pointed out by several. observers ", ", 4i t ha t  the q% r a t i o  could not 
be a constant fo r  e i ther  fixed values of the electrode separation, frequency 
and peak e l e c t r i c  f ie ld  (Case 1) or  along the minimum breakdown potent ia l  
curve (Case 2). I n  Case 1, it should be noted that secondary electrons 
not emitted with t h e  same velocity do not i n  general reach the opposite 
electrode with the same Uimpact bo r a t io s ,  For Case 2, it i s  noted that 
along the  minimum breakdown voltage curve, the voltage can be represented 
by the re la t ion  V * f s 2  wfiere f i s  the frequency and d is the electrode sep- 
aration. 
value of 
Since the impact velocity is a lso  proportional t o  fa, the average 
i n  general depends o n f d .  On the other hand, the average value 
40. 
of u depends only slightly on yo. Consequently, the ratio l& is ordinarily 
different for distinct choices of fa along the minimum breakdown voltage 
curve. 
that assumption have been shown to be in good agreement with experiments. 
In spite of these objections, the theoretical results obtained using 
Recent theoretical. work41 has indicated that the interaction of 
phase angles and emission velocities is such that the assumption of constant 
k gives essentially correct results even though q\ is not constant for 
all of the secondary electrons. 
t h e  calculations, Miller was.able to make a detailed study of the motion 
of a large number of electrons over several successive half cycles in 
which the spread of phase angles and emission velocities was taken into 
By using a digital computer to perform 
account. 
Investigation of the steady state configuration reached by the elec- 
tron groups showedthe following 
1. The assumption y/I& = constant has a theoretical basis in that 
the steady state multipacting electron distribution with respect 
to k = u/+, 1s ratner narruw WIG &GWS & *& 
cally determined value of k = 3 for the minimum breakdown fqeld 
strength. 
The behavior of the most probable phase angle and the overall 
distribution of phase angles were in excellent agreement with 
the values predicted on the basis of the simple theory developed 
earlier in this report. 
-- I-- tkt cez%~;iri- 
2. 
41. 
THE EFFECTS OF GAS ATOMS ON THE MULTIPACTING MECHANISM 
For gas pressures of to Torr, a considerable amount of ioni- 
zation occurs within a multipacting discharge chamber in spite of the fact 
that the electron mean free path* is ten or twenty times greater than the 
electrode separation. There are two principal reasons for this. In the 
first place, although the electron currents are in the range of milliamperes, 
this represents a fairly large number of electrons in comparison with the 
density of the gas atoms present. 
amount of ionization would be observed, and indeed, a faint glow has been 
observed down to Torr. 
Hence, one might expect that a substantial 
Secodd, the positive ions formed tend to aid in further ionization. 
Williams has shown that the large numbers of slow moving electrons near 
the electrodes create an electric field that directs the positive ions to 
the center of the discharge region. When trapped in this potential well 
at the center, the gas atoms can become multiply ionized through further 
collisions with electrons. 
ciable velocity in the center region, recombination is less likely there 
than at the surfaces of the electrodes where the em$tted electrons a r e  
Since the multipacting electrons have an appre- 
moving slowly. 
The collisions between the multipacting electrons and the gas atoms 
tend to retard the buildup of the multipacting current by removing a certain 
percentage of the electrons from the group,since the colliding electrons 
are essentially lost to the process. As the electron current builds up, 
as determined primarily by the yield ratio of the electrode material, 
more and more ions are created by the collisions between the electrons and 
* The electron mean free path in air at O°C = 7.13 x 10'4/m/pressure 
in mm. of Hg (frm Cobine). 
42. 
gas mclecules. When the ions collect at the center of the region as 
outlined above, they can have important effects on the dynamics of the 
electrons e 
The effect of the positive ion cloud is to reduce the electron 
transit times by providing additional acceleration during the e a r l y  por- 
tion of the electron flight and de-acceleration just before the electron 
strikes the opposite electrode. 
detuning of the electron phases, a detuning which increases as the density 
of the ion cloud increases. . Recent observations by Miller4l indicate 
that this detuning can result in sizable low frequency pulsations in the 
multipacting current as well as being a significant factor in the very 
In effect, the ion cloud may cause a 
sharp cutoff of multipacting along the upper and lower breakdown curves. 
The presence of gas atoms may also lead to the existence of other 
Principal among these is effects thet may be mistaken for multipacting. 
sparkover and corona, 
coaxial cylinder configurations where the ratio of outside to inside 
diameters is less than 2.72. The minimum voltages at which sparkover 
Sparkover'' occurs in parallel plate case& and in 
occurs is given approximately by Paschen's law as summarized in the table 
below. 
Minimum Voltage Optimum pd Froduct 
-(Pressure in a. of 
Hg x gap spacing 
in an.) 
Air 341 5.7 
Helium 261 27 
Nitrogen 251 6.7 
The minumum voltage is smallest for the optimum pd product. A 
further correction must be added for high frequency operation, e.g.,reduce 
voltages 1 6  at 900 kc. 
43. 
11 Corona occur8 when the ratio of outside-to-inside diameters in 
greater than 2.72 with the minimum voltage given approximetely by 
where 
a = inside radius 
b i. Outride radius 
3.92 
273 + t 
s = relative air density faator - 
m - irregularity factor, Uerually 1 ror wllooth s~rfacos.  
p - bmawtric prsreura in c11 of Hg. 
t - temperature OC. 
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